During the first year, the research focused on four areas:
(1) Review and evaluation of scientific literature on the chemistry and reactions of chromium in aqueous solutions. (2) The design and construction of batch, stirred batch, and packed bed reactors. (3) The initial measurement of reaction rates for chromium oxide in simple mixtures of water, nitrates, and hydroxides. (4) The measurement of the diffusion coefficients and electrical conductances of aqueous inorganic nitrate solutions. During the second year, research focused on two areas:
The detailed determination of the kinetics of dissolution of chromium hydroxide by oxygen. (6) The initial determination of the dissolution of chromium hydroxide by nitrate. During the third year, the research has focused on four areas:
(7) Development of a global kinetic model for the dissolution of chromium hydroxide by oxygen in alkaline solution. (8) Development of a reaction model for the dissolution of chromium hydroxide by oxygen. (9) Determining the effects of added organics, and metals on reaction kinetics. (10) Examining the reactions of TRU under hydrothermal conditions.
Following, we present a summary of the accomplishments, the results in each area, and a discussion of the possible applications to HLW sludges.
(1) Evaluation of Literature: A literature review and analysis has been completed on the preparation and aqueous chemistry of chromium oxide. Thermodynamically, the forms of chromium oxide depend on the temperature and its environment. The dissolution of chromium oxide with different reagents was reported. Segal and Williams (1986) studied the oxidative dissolution of chromium (III) oxide (calcined at 1000 _C under argon) by large excess of potassium permanganate at temperature rang 43-140 _C. They found that the dissolution rate depends on the temperature, concentration of oxidant, and pH. The calcined temperature affecting dissolution rate has been reported (Rodenas et al., 1993; Reartes et al., 1995; Mills and Sawunyama, 1993; Blesa et al., 1994) , mostly in acid conditions. However, there is no report concerning the possible forms of chromium oxide other than Cr(III) in the dissolution study.
Cr(III) and Cr(VI) are both found in Hanford tank sludge (Blanchard et al., 1995) . Cr(III) in tank sludge is proposed as chromium in Cr:FeOOH and with disordered oxygen. The form of the chromium in the tank wastes is not well known and so at this time it is not possible to prepare tank wastes simulants which we are confident will mimic tank sludge. (2) Design and construction of reactors: Three new types of experimental reactors for study of the dissolution of chromium oxide were built for this project. These include: small, Teflon-lined, batch reactors; stirred batch reactor systems; and a packed-bed flow reactor system.
The small batch reactors are Teflon coated swagelock bulkhead unions. The reactors are heated for reaction times varying from hours to days using a fluidized sand bath.
The stirred batch reactor is a 300 ml, high pressure SS#316 vessel. The reactor is Teflon lined and nickel coated to minimize the leaching of chromium from the stainless steel. The thermocouple and magnetic stir bar are Teflon coated, while Teflon tubing and filters are used in the sampling system. Temperature and pressure indicators monitor reactor conditions. Oxidation reactions are initiated by rapidly pumping the oxidant into the reactor after it has reached operating temperature. Samples are removed periodically (minutes to hours) to determine reaction kinetics.
The packed-bed flow reactor is a high pressure SS# 316 tube. A concentric nickel liner runs the length of the pressure vessel and is sealed to the pressure vessel at both ends. High pressure distilled water flows between the pressure vessel and nickel liner walls to balance the pressure in the liner. Chromium oxide samples are loaded into the central section of the liner. The soluble reagents are pressurized, heated, and pumped through the solid packed bed. Filters at the exit of the bed keep the solid material stationary. The reactor effluent is cooled, depressurized, collected and analyzed. The reaction time for the soluble material is determined by mass flow rate, bed free-volume, and the density of the reaction mixture at reaction temperature and pressure. The reaction time for the solid material is determined by the total flow duration. At the end of the experiment the bed material is removed and analyzed. The bed material may contain both unreacted starting material and insoluble products that could not be transported out of the reactor.
In collaboration with two other separate Los Alamos projects examining the hydrothermal oxidation of combustible wastes, batch and flow reactor systems were built and installed in the Los Alamos plutonium facility. These reactors are being used by this project in the third year to study the chemistry of TRU at selected hydrothermal conditions. The Cr(VI) produced during calcining easily dissolves, leaving the insoluble Cr 2 O 3 behind. Calcining in an inert atmosphere of argon or nitrogen should reduce the amount of Cr(VI) in the samples.
(4) Diffusion Experiments:
The molecular diffusion of inorganic nitrate species in sub and supercritical water were measured at temperatures between 200 and 500_C and pressures between 25 and 100 MPa. In the concentrated salt solutions the critical slowing down of the diffusion was significant as far as 30 MPa from the phase transition pressures. Ordinary binary mass diffusion was about 15 times faster at the higher temperatures than at 25_C. Experimental results agree well with predictions from the StokesEinstein equation, where the diffusing species is represented as a hydrated contact pair. A manuscript summarizing the results of this work has been prepared and submitted to International Journal of Thermophysics. A paper discussing the work was presented at the Thirteenth Symposium on Thermalphysical Properties.
The electrical conductances of aqueous solutions of inorganic nitrates at 25 to 505_C and 100 to 490 bar were measured. The alkali nitrates show behavior similar to the alkali chloride series: the electrical conductance decreases with decreasing cation radius. This seemingly paradoxical result is due to the stronger electric field and hence the greater tendency for ion pairing and larger solvation spheres associated with the smaller cations. Nearly complete ion association is observed at low-density supercritical conditions. A manuscript summarizing the results of this work has been published in the Journal of Supercritical Fluids.
(5) Detailed Kinetics Measurements: Chromium hydroxide, Cr(OH) 3 • 3H 2 O, was selected as the first chromium compound for this study. Based on available literature, chromium hydroxide should be the main chromium compound in the HLW sludge. Dissolution experiments on chromium hydroxide were conducted in two types of reactors: a stirred batch system and a continuous flow reactor. Liners of nickel or Teflon were used to prevent corrosion or leaching of chromium from the reactors. Chromium hydroxide was prepared according to literature reports.
The two oxidants investigated were O 2 and nitrate. Dissolution/reaction experiments for chromium hydroxide in a batch reactor by O 2 were performed at reaction temperatures ranging from 75 to 200 °C. The dissolution of chromium hydroxide using oxygen follows: (a) When nitrate was used as an oxidant, the experiments were performed in both continuous flow and batch reactors at temperatures ranging from 250 to 410 °C and pressures ranging from 2 to 26 MPa. The reaction is (b) All experiments were performed in alkaline solutions from 0.01 to 4 M NaOH. A caustic environment was chosen because the Hanford waste is alkaline and neutralization is not practiced. Anions (CrO 4 -2 , NO 3 -, NO 2 -) were measured by ion chromatography.
Dissolution of chromium hydroxide under alkaline conditions with oxygen was studied at temperatures ranging from 70 to 200 °C. Hydroxide concentrations were varied from 0.01 to 4 M (pH 12 to 14.5) and oxygen concentrations in solution were varied from 0.4 to 4.4 mM to determine the effect of oxygen concentration and the caustic environment on the dissolution rates.
An increase in hydroxide concentration increased the dissolution rate with all other conditions being similar. The dependence was found to be almost linear; with a doubling of hydroxide concentration the dissolution rate nearly doubled. The oxygen concentration was determined based on the overall system pressure, the partial pressure of oxygen and the headspace volume. Henryís Law constants were used to determine the concentration of dissolved oxygen in solution. An increase in oxygen concentration increased the dissolution rate but at a much lesser rate than the effect of hydroxide concentration. A fourfold increase in oxygen concentration was required to double the chromium dissolution rate. Temperature had the most significant effect on chromium dissolution with oxygen. Increasing the temperature 100 °C (from 100 to 200 °C) increased the rate nearly 150 times. where r is the rate per unit weight of chromium, W 0 is the initial mass of chromium, k is the rate coefficient, and [OH -1 ] and [O 2 ] are the concentration of hydroxide and oxygen in solution, respectively. The dimensions of k depend on the values of a and b, and are frequently found to be non-integral. The initial rate of dissolution in each experiment was used in the fit and it was assumed that the reactions exhibit Arrhenius behavior. The result of the regression, with 95% confidence, is the rate expression:
(8) Mechanism for Dissolution of Chromium Hydroxide by Oxygen: The chemistry of chromium(III) at different pH levels has been well studied by others. The hydrolysis behavior of Cr 3+ is characterized by the slow kinetics of its polymerization reactions. The formation of Cr(III) hydroxides is an extension of the polymerization reactions. The empirical formula, Cr(OH) 3 • 3H 2 O, is consistent with large polymers formed by [-Cr(OH) 3 (H 2 O)-] n chains. The solubility of chromium (III) hydroxides depends on their degree of polymerization and the solution environment (pH, ionic strength, and temperature). Solubilized Cr +3 is formed (Cr(OH) 4 -) when adding chromium salt into alkaline solution (pH> 12.6). Chromium (III) hydrolysis constants and solubility of chromium hydroxide have been studied (Rai et al. 1987 ).
Our results show that hydrolysis of chromium (III) on solid surfaces is essential for oxidative dissolution of chromium hydroxide by oxygen, and the degree of polymerization of chromium hydroxide prepared is high enough to resist the formation of dissolved chromium species (e.g. Cr(OH) 4 -). Thus the reaction mechanism can be illustrated as follows:
